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ZKLFKGHFUHDVHVSUHVVXUHRIZDWHUYDSRU+RZHYHULIPDWUL[RIWKHFRQFUHWHLVGHQVHUZDWHUYDSRUFDQUHDFK
KLJKYDOXHVRYHU1PP$VDUHVXOWRIKLJKLQQHUSUHVVXUHDERYHPHQWLRQHGH[SORVLYHVSDOOLQJFDQRFFXU
7KH LQYHVWLJDWLRQRI WKHEHKDYLRURIFHPHQWPDWUL[GHSHQGLQJH[SRVHG WR WKHUPDO ORDGV LOOXVWUDWHG LQ WKH
IROORZLQJ KDV EHHQ FDUULHG RXW DV D SDUW RI UHVHDUFKZRUNV DW WKH IDFXOW\ RI &LYLO (QJLQHHULQJ DW WKH%UQR
8QLYHUVLW\RI7HFKQRORJ\7KHSDSHU GHVFULEHVPHWKRGVZKLFK FDQEHXVHG IRU WKH VWXG\RI WKH FKDQJHVRI
PLFURVWUXFWXUH FDXVHGE\KLJK  LQFUHDVHG WHPSHUDWXUH DQG WKH UHVXOWV RI WKHSURSHUWLHVRI FHPHQW FRPSRVLWH
PDWHULDOV7KHJDLQHGNQRZOHGJHLVYDOXDEOHIRUGHYHORSPHQWRIILUHUHVLVWDQWFHPHQWFRPSRVLWHVDQGKDVEHHQ
H[WHQVLYHO\XVH
'HYHORSPHQWRIILUHUHVLVWDQWFHPHQWFRPSRVLWHV
'HYHORSPHQWDQGUHVHDUFKRIFHPHQWEDVHGFRPSRVLWHPDWHULDOVUHVLVWDQWWRWKHUPDOORDGLVUXQQLQJRQDWWKH
)DFXOW\RI&LYLO(QJLQHHULQJ,QVWLWXWHRI7HFKQRORJ\RI%XLOGLQJ0DWHULDOVDQG&RPSRQHQWVLQ%UQRIRUPDQ\
\HDUV 7KH EHKDYLRU RI FHPHQW PDWUL[ DW KLJKHU WHPSHUDWXUHV LV GHWHUPLQHG E\ WKH VHOHFW ELQGHU ILOOHUV
UHLQIRUFHPHQW DQG ILEHUV 7KH LQYHVWLJDWLRQV IRFXV RQ VHYHUDO DUHDV D 'HYHORSPHQW DQG GHVLJQ RI RSWLPDO
FRPSRVLWLRQRIWKHPDWUL[RIWKHFHPHQWERXQGFRPSRVLWHPDWHULDOVUHVLVWDQWWRKLJKWHPSHUDWXUHVE6HOHFWLRQ
RIVXLWDEOHILEHUVIRUWKHFRPSRVLWHVF6HOHFWLRQRIVXLWDEOHILOOHUIRUWKHFRPSRVLWHV
,QIOXHQFHRIKLJKWHPSHUDWXUHVRQLQGLYLGXDOFRPSRQHQWVRIFRQFUHWH
+HDWLQJRIKDUGHQHGFHPHQWSDVWHFDXVHVHYDSRUDWLRQRIVHYHUDOW\SHVRIERXQGZDWHUZKLFKLVSUHVHQWLQ
WKHPDWHULDO$W ILUVW IUHHZDWHU HVFDSHV IURP FHPHQW SDVWH WKURXJK FDSLOODULHV WKHQ DW KLJKHU WHPSHUDWXUH
FKHPLFDOO\ ERXQG ZDWHU LV UHOHDVHG 7KH FKDUDFWHU RI WKHVH SKDVH FKDQJHV GHSHQGV RQ VHYHUDO DVSHFWV
PLQHUDORJLFDO FRPSRVLWLRQ RI FHPHQW SURSRUWLRQ RI &D6L2 ILQHQHVV RI FU\VWDOV RU VLOLFHRXV GXVWV
WHPSHUDWXUHDQGZDWHUYDSRUSUHVVXUH
7KHNH\IDFWRUVRIWKHEHKDYLRURIWKHUPDOO\ORDGHGFRQFUHWHDUHFKHPLFDOPLQHUDORJLFDOFRPSRVLWLRQDQG
SK\VLFDOVWDELOLW\WKHUPDOH[SDQVLRQRIPDVWLFFHPHQWDQGDJJUHJDWHV7KHUHIRUHVHOHFWLRQRIDJJUHJDWHLVDQ
LPSRUWDQW IDFWRU IURPSRLQW RI Y YLHZRI WKHUPDOSURSHUWLHV DQG WKHUPDO VWDELOLW\RI WKH FRQVLGHUHG FRQFUHWH
GXULQJILUH
,QWDEOHEHORZWKHFKDQJHVRIFRQFUHWHVWUXFWXUHH[SRVHGWRWKHUPDOORDGDUHOLVWHG
7DEOH&KDQJHVRIFRQFUHWHVWUXFWXUHH[SRVHGWRWKHUPDOORDG
±R& 6ORZORVVRIFDSLOODU\ZDWHUDQGUHGXFWLRQRIFRKHVLYHIRUFHVGXHWRH[SDQVLRQRIKXPLGLW\

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 ± R&GHFRPSRVLWLRQRI J\SVXP&D62+2
R&PHOWLQJRISRO\SURS\OHQHILEHUVEHJLQQLQJRIK\GUDWLRQRI&6+JHO
R& /RVVRISK\VLFDOO\ERXQGZDWHULQFUHDVHRILQQHUSUHVVXUH
R& &UDFNLQJ RI VLOLFHRXV DJJUHJDWH  & FULWLFDO WHPSHUDWXUH IRU ZDWHU &WKHQQRIUHHZDWHUFDQEHSUHVHQW
R& 'HFRPSRVLWLRQRI3RUWODQGLWH&D2+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R& 7KHVHFRQGSKDVHRIGHFRPSRVLWLRQRI&6+JHOVIRUPDWLRQRIȕ±&6
R& 'HFRPSRVLWLRQ RI FDOFLXP FDUERQDWH &D&2ĺ&D2&2 VWURQJ HQGRWKHUPLFUHDFWLRQDFFRPSDQLHGE\UHOHDVHRIFDUERQGLR[LGH
R& %HJLQQLQJRIIRUPDWLRQRIFHUDPLFERQGUHSODFLQJK\GUDXOLFERQG
±R& )RUPDWLRQRI:ROODVWRQLWHȕ&D26L2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R& 7RWDOGHFRPSRVLWLRQRIFRQFUHWHPHOWLQJRIFHUWDLQFRPSRQHQWV
6HOHFWHGPHWKRGVIRUVWXGLHVRIWKHVWUXFWXUDOFKDQJHVRIWKHPDWUL[DWKLJKHUWHPSHUDWXUHV
%DVHG RQ H[SHULHQFH DQG DYDLODEOH OLWHUDU\ IROORZLQJ PHWKRGV ZHUH VHOHFWHG D 0LFURVFRS\ E
'HWHUPLQDWLRQ RI PHFKDQLFDO SURSHUWLHV FRPSUHVVLYH VWUHQJWK IOH[XUDO VWUHQJWK WHQVLOH VWUHQJWK RI VXUIDFH
OD\HUVF'HWHUPLQDWLRQRIWKHUPDOFRQGXFWLYLW\
+RZHYHUWKHUHDUHPDQ\PRUHPHWKRGVVXLWDEOHIRUGHWHUPLQDWLRQRIVWUXFWXUXVDOFKDQJHVRIWKHPDWUL[RI
FHPHQWFRPSRVLWHPDWHULDOVOLNHGLIIHUHQWLDOWKHUPDODQDO\]HGHWHUPLQDWLRQRISHUPHDELOLW\HWF
7HVWPHWKRGV
$ERYHPHQWLRQHGPHWKRGVZHUH DSSOLHG WR WHVW VSHFLPHQVZLWK VWDQGDUGL]HG GLPHQVLRQV VHH EHORZ DQG
JLYHQPL[GHVLJQVWDWHGEHORZLQ7DEOH
7DEOH0L[GHVLJQRIWHVWHGVSHFLPHQV
&RPSRQHQW $PRXQW>NJP@
&(0,,%06//5 
DJJUHJDWH±PP1iNOR 
DJJUHJDWH±PP2OEUDPRYLFH 
DJJUHJDWH±PP2OEUDPRYLFH 
ZDWHU 
SODVWLFL]HU&KU\VRIOXLG2SWLPDPF 

$IWHU UHPRYLQJ IRUPV WHVW VSHFLPHQV ZHUH VWRUHG DW VWDQGDUG ODERUDWRU\ FRQGLWLRQV DQG VXEMHFWHG WR
LQGLYLGXDOWHVWV
'HWHUPLQDWLRQRIWKHPHFKDQLFDOSURSHUWLHV
0HFKDQLFDOSURSHUWLHVRIWKHPDWHULDOVRQFXEHV[[PPDQGRQEORFNV[[PP
ZHUHGHWHUPLQHGDIWHUDQGGD\VRIVWDQGDUGVWRUDJH)ROORZLQJSURSHUWLHVZHUHGHWHUPLQHGFRPSUHVVLYH
VWUHQJWK(1IOH[XUDOVWUHQJWK(1WHQVLOHVWUHQJWKRIVXUIDFHOD\HUVý617KHQ
WHVWVSHFLPHQVZHUHSODFHGLQDIXUQDFHDQGKHDWHGXSWR&7HPSHUDWXUHLQFUHDVHZDV&PLQWKHQ
NHSWDW&IRUPLQXWHV WKHQVORZFRROLQJDW WKHUDWH&PLQGRZQWRODERUDWRU\WHPSHUDWXUH$IWHU
ORDGLQJWKHUHVXOWVZHUHFRPSDUHGDQGORVVRIVWUHQJWKFDXVHGE\WKHUPDOORDGZDVHYDOXDWHG
%HIRUHGHWHUPLQDWLRQRIWHQVLOHVWUHQJWKRIVXUIDFHOD\HUVPPPHWDOGLVFVZHUHJOXHGWRFRQFUHWHEHDPV
ZLWKDGKHVLYH6LNDGXU$IWHUVXIILFLHQWKDUGHQLQJRIWKHJOXHWHVWLQJGLVFVZHUHULSSHGRIIZLWKSXOORIIWHVWHU
'<1$=ZKLFKGLUHFWO\PHDVXUHVWKHWHQVLOHVWUHQJWKRIWKHVXUIDFHOD\HUVRIFRQFUHWHLQ1PP
%DVHG RQ DFKLHYHG UHVXOWV LW FDQ EH VWDWHG WKDW FKDQJHV LQ WKH PHFKDQLFDO SURSHUWLHV RFFXU HYHQ DW WKH
WHPSHUDWXUHV DURXQG  &  FDXVHG E\ FKDQJHV LQ WKH FHPHQW PDWUL[ ZKLFK ZHUH SURYHG E\ WKH
PLFURVWUXFWXUDOFKDQJHV

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
)LJXUHD3XOORIIWHVWHU'\QD=EEORFNVZLWKJOXHGGLVFVIRUGHWHUPLQDWLRQRIWHQVLOHVWUHQJWKRIVXUIDFHOD\HUV

)LJXUH&KDQJHVRIWHQVLOHVWUHQJWKRIVXUIDFHOD\HUVIOH[XUDOVWUHQJWKDQGFRPSUHVVLYHVWUHQJWKRIFRQFUHWHDIWHUWKHUPDOH[SRVXUH
0LFURVFRSLFDQDO\VHVRISRURXVVWUXFWXUH
7HVWLQJ VSHFLPHQV WKH FXEHV ZLWK GLPHQVLRQV  [  [  PP ZHUH H[DPLQHG ZLWK DQ RSWLFDO
PLFURVFRSH1LNRQ HTXLSSHGZLWK D GLJLWDO RXWSXW DQG 79 FDPHUD 6RQ\ DIWHU WDNLQJ RXW RI WKH IXUQDFH DQG
FRROLQJGRZQWR ODERUDWRU\ WHPSHUDWXUH7KH LPDJHZDV WKHQ WUDQVIHUUHG WR3&ZLWKVRIWZDUH/,0(OHPHQWV
/8&,$WRGHWHUPLQHSHUFHQWDJHRIGDPDJHRQWKHFXEHVXUIDFHV7KHPHWKRGLVGHVFULEHGLQYDULRXVSDSHUV
IRFXVHGRQUHVHDUFKRIFUDFNVLQFRQFUHWHZLWKVHYHUDOW\SHVRIDJJUHJDWHDQGLVEDVHGRQPHDVXULQJRIFUDFNV
ZLGWK>@3UDFWLFDOO\WHVWVSHFLPHQVZHUHDQDO\]HGDQGSHUFHQWDJHRIFUDFNVRQWKHVXUIDFHZDVGHWHUPLQHGLQ
WKH $XWR&$' VRIWZDUH +LJK UHVROXWLRQ LPDJHV ZHUH WUDQVIHUUHG LQWR WKH VRIWZDUH ]RRPHG WR PD[LPDO
UHVROYDEOHVL]HDQGWKHQWKHFUDFNVRQWKHVXUIDFHZHUHVHOHFWHGDVLQGLYLGXDODUHD%\WKH$XWR&$'VRIWZDUH
FXPXODWLYHDUHDRIFUDFNVUHODWHGWRWKHWRWDOVXUIDFHRIWKHFXEHZDVFDOFXODWHG2SWLFDOPLFURVFRS\ZDVDOVR
XVHGIRUWHVWVSHFLPHQVKHDWHGWR&ZLWKUHVSHFWWRIRUPDWLRQRIFUDFNV7KLVPHWKRGLVVXLWDEOHIRUWHVW
VSHFLPHQVZLWKKLJKHUWKHUPDOORDG


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)LJXUH'DPDJHRIVXUIDFHRIWHVWVSHFLPHQZLWKWKHUPDOORDG&
'HWHUPLQDWLRQRIWKHUPDOO\WHFKQLFDOSURSHUWLHVDWLQFUHDVHGWHPSHUDWXUH
7KHUPDO FRQGXFWLYLW\ FRHIILFLHQW LV DQRWKHU YHU\ LPSRUWDQW SURSHUW\ RI FRQFUHWH H[SRVHG WR KLJK
WHPSHUDWXUH&KDQJHRIWKHUPDOFRQGXFWLYLW\LVRQHRIWKHLQGLFDWRUVRIFKDQJHVLQPLFURVWUXFWXUH%HVLGHWKLV
SURSHUW\ LV DOVR LPSRUWDQW IURP WKH SRLQW RI YLHZRIPRGHOLQJ WKHEHKDYLRU RI WKH FRQFUHWH VWUXFWXUH DW KLJK
WHPSHUDWXUHV IRU H[DPSOH GXULQJ ILUH'HWHUPLQDWLRQ RI WKHUPDO FRQGXFWLYLW\ DW KLJKHU WHPSHUDWXUH FDQ EH
FDUULHGRXWLQDFFRUGDQFHZLWK(1,625HIUDFWRU\PDWHULDOV±'HWHUPLQDWLRQRIWKHUPDOFRQGXFWLYLW\±
3DUW+RWZLUHPHWKRGVFURVVDUUD\DQGUHVLVWDQFH WKHUPRPHWHU7KHPHWKRGGHVFULEHG LQ WKLVVWDQGDUG LV
VXLWDEOH IRU UHIUDFWRU\ FRQFUHWH ZLWK WKHUPDO FRQGXFWLYLW\ VPDOOHU WKDQ
:P.IRUFURVVDUUDQJHPHQWRIKRWZLUHDQGEHORZIURPPVXSWRWKHWHPSHUDWXUH&7KH
G\QDPLFKRWZLUHPHWKRGZLWKFURVVDUUDQJHPHQWLVEDVHGRQWKHGHWHUPLQDWLRQRIWKHLQFUHDVHRIWHPSHUDWXUH
DVDIXQFWLRQRIWLPHZLWKDOLQHDUVRXUFHRIKHDW±KRWZLUHLQVHUWHGEHWZHHQWHVWVSHFLPHQVIRUPLQJWKHWHVW
DUUDQJHPHQWVHHEHORZLQILJXUH
)URPVSHFLPHQV LQ WKH IRUPRIEORFNVZLWKGLPHQVLRQV[[PPVWDQGDUGL]HG WHVWVSHFLPHQV
ZLWKGLPHQVLRQV[[PPZHUHSUHSDUHG7KHVHWHVWVSHFLPHQVZLWKVWDQGDUGL]HGJURRYHVZHUHSXW
LQWRWHVWLQJDSSDUDWXVVRWKDWWKH3ODWLQXPKRWZLUHZDVORFDWHGLQWKHJURRYHEHWZHHQWZRWHVWVSHFLPHQV7KLV
WHVWLQJDVVHPEO\ZDVKHDWHGLQDVWRYHWRWKHJLYHQWHPSHUDWXUHV&D&DQGVRDNHGDWIXUQDFHWKHVH
WHPSHUDWXUHV)XUWKHU ORFDOKHDWLQJZDVFDUULHGRXWZLW WKHKRWZLUHZLWKHOHFWULFFXUUHQWRINQRZQFXUUHQW
FRQVWDQW LQ WLPH7KHUPDO FRQGXFWLYLW\ FRHIILFLHQWZDV FDOFXODWHG IURP WKH UDWH RI WHPSHUDWXUH LQFUHDVH DQG
UHOHDVHG KHDW GXULQJ KHDWLQJZLWK WKH KRW ZLUH ,QFUHDVH RI WHPSHUDWXUH ZDVPHDVXUHGZLWK D WKHUPRFRXSOH
ZHOGHGLQWKHPLGGOHRIWKHKRWZLUH
7KHUPDOFRQGXFWLYLW\FRHIILFLHQWZDVGHWHUPLQHGLQDFFRUGDQFHZLWKIROORZLQJIRUPXOD
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:KHUH3L«HOHFWULFSRZHULQSXWIRUOHQJWKXQLWRIKRWZLUH>:P@WDQGW«WLPHHODSVHGIURPFRQQHFWLQJ
WRPDLQV>V@ǻĬDǻĬULVHRIWHPSHUDWXUHDWWKHWLPHVWDQGW>&@
'XULQJ PHDVXUHPHQWV LW ZDV IRXQG WKDW LQFUHDVHG WHPSHUDWXUH FDXVHV GHFUHDVH RI WKH YDOXH RI WKHUPDO
FRQGXFWLYLW\ DW WKH WHPSHUDWXUH  & E\ FD  ±  DQG DW WKH WHPSHUDWXUH  & E\  ±  
GHSHQGLQJRQWKHW\SHRIFRQFUHWH
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)LJXUH  ([DPSOH RI PHDVXULQJ GHYLFH IRU GHWHUPLQDWLRQ RI WKHUPRLQVXODWLQJ SURSHUWLHV RI ILUH UHVLVWDQW
PDWHULDOV
&RQFOXVLRQ
%DVHGRQILUVWWHVWVFDUULHGRXWZLWKPHQWLRQHGPHWKRGVRIWHVWLQJTXDOLW\DQGEHKDYLRURIYDULRXVPDWULFHV>@
RIWKHFHPHQWFRPSRVLWHPDWHULDOUHVLVWDQWWRWKHUPDOORDGLWFDQEHVWDWHGWKDWDSDUWIURPFODVVLFDOPHFKDQLFDO
SURSHUWLHV DOVRRWKHU WHVWPHWKRGV WRGHWHUPLQHFKDUDFWHUDQGVWUXFWXUHRI WKHFRQFUHWH WHVW VSHFLPHQFDQEH
XVHG7KHVHPHWKRGVDUHSDUWLFXODUO\GHWHUPLQDWLRQRIWKHUPDOFRQGXFWLYLW\GHSHQGLQJRQWHPSHUDWXUHZKLFKLV
QRWDXVXDOPHWKRGEXWLWLVSRVVLEOHWRDVVHVVPLFURVWUXFWXUDOFKDQJHVLQFHPHQWFRPSRVLWHVRQWKHEDVLVRID
FKDQJHRIWKHWKHUPDOFRQGXFWLYLW\
$IWHU ILUVW WHVWV GHWHULRUDWLRQVRI VWUXFWXUHRI FRQFUHWH VSHFLPHQVZHUHGHWHUPLQHG MXVW OLNHZLWKRWKHU XVHG
PHWKRGV7KHGHWHUPLQDWLRQRIWKHSHUPHDELOLW\RUWKHZDWHUDEVRUELQJFDSDFLW\RIWHVWVSHFLPHQVHHPVWREH
YHU\ SURPLVLQJPHWKRGV IURPSRLQW RI YLHZRI GHVFULELQJ EHKDYLRU DQG SURSHUWLHV RI FRQFUHWH DIWHU WKHUPDO
H[SRVXUH
$FNQRZOHGJHPHQWV
7KH RXWFRPH KDV EHHQ DFKLHYHG ZLWK WKH ILQDQFLDO VXSSRUW RI SURMHFW *$&5 3 Ä6WXG\ RI
LQWHUDFWLRQVRIFRPSRQHQWVRIFHPHQWLWLRXVFRPSRVLWHVH[SRVHGWRKLJKWHPSHUDWXUHV³DQGSURMHFW7$&51R
7$Ä,PSURYHPHQWRIDGKHVLRQRISRO\SURS\OHQHILEUHVIRUFRQFUHWHUHLQIRUFHPHQWE\FRXOGSODVPD³
5HIHUHQFHV
>@ 3LVWRO.:HLVH)0HQJ%3RO\SURS\OHQ)DVHUQ LQ+RFKOHLVWXQJVEHWRQHQ:LUNXQJVPHFKDQLVPHQLP%UDQGIDOO(UQVW	6RKQ
9HUODJIU$UFKLWHNWXUXQGWHFKQLVFKH:LVVHQVFKDIWHQ*PE+	&R+HIW.*%HUOLQ*HUPDQ\
>@;,1*=KL5RQDQ+(%(57D$OEHUW12802:(,QIOXHQFHRI WKHQDWXUHRIDJJUHJDWHVRQWKHEHKDYLRXURIFRQFUHWHVXEMHFWHGWR
HOHYDWHGWHPSHUDWXUH&HUJ\3RQWRLVH)UDQFH
>@(17HVWLQJKDUGHQHGFRQFUHWH±3DUW&RPSUHVVLYHVWUHQJWKRIWHVWVSHFLPHQV
>@(17HVWLQJKDUGHQHGFRQFUHWH±3DUW)OH[XUDOVWUHQJWK
>@(1,625HIUDFWRU\PDWHULDOV±'HWHUPLQDWLRQRIWKHUPDOFRQGXFWLYLW\±3DUW+RWZLUHPHWKRGVFURVVDUUD\DQGUHVLVWDQFH
WKHUPRPHWHU
